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E pigenetics refers to mitotically and/or meiotically heritable changes in gene function without changes in DNA sequence.
1,2 There has been growing interest in epigenetics due to its fundamental role in diverse biological processes and human diseases. 3 Epigenetic regulation of the chromatin state that governs the access to genetic code is mainly controlled by DNA methylation, noncoding RNA, nucleosome remodeling histone variants, as well as post-translational modifications (PTMs) of histones. 4 Thus, PTMs of histones play a critical role in chromatin compaction, gene expression, transcriptional regulation, cell differentiation, and other biological processes.
3,5−7 The proteins that are directly involved in PTMs of histones can be divided into three categories: the enzymes that create these modifications (the "writers"), the proteins that recognize the modifications (the "readers"), and the enzymes that remove the modifications (the "erasers"). Histone methyltransferases (HMTs), also referred to as protein methyltransferases (PMTs) since they methylate nonhistone proteins as well, are the methyl writers of the histone code. 8, 9 Histone methylation is one of the most studied posttranslational modifications and has been associated with many human diseases.
10−12 Therefore, HMTs have been increasingly pursued as potential therapeutic targets over the past decade.
HMTs catalyze the transfer of the methyl group from the cofactor S-5′-adenosyl-L-methionine (SAM) to either lysine or arginine residues of proteins. Therefore, HMTs can be further categorized into: (1) protein lysine methyltransferases (PKMTs) and (2) protein arginine methyltransferases (PRMTs). PKMTs catalyze mono-, di-, and/or trimethylation of lysine residues while PRMTs catalyze mono-and/or asymmetric or symmetric dimethylation of arginine guanidinium groups. 13 Even though lysine or arginine methylation does not change the charge state, the increased bulkiness and hydrophobicity of the methylated residues would affect protein−protein interactions and protein recognition, thus gene expression and transcription regulation. To date, more than 50 PKMTs have been identified and characterized. 5 All PKMTs except DOT1L (disruptor of telomeric silencing 1-like) contain a conserved, approximately 130 amino acid long SET (Su(var.)3−9 (the suppressor of position-effect variegation 3−9), En(zeste) (an enhancer of the eye color mutant zeste), and Trithorax (the homeotic gene regulator)) domain.
14−16
Nine PRMTs have also been identified and characterized. 17 All PRMTs do not have a SET domain but contain a conserved core region of about 310 amino acids. 18 Potent, selective, and cell-penetrant chemical probes of HMTs would be invaluable tools for elucidating biological functions and disease association of the target HMTs and for assessing the potential of these enzymes as therapeutic targets. For example, well-characterized HMT chemical probes would enable the research community to test biological and disease hypotheses in cell-based and/or animal models with high confidence. Advantages of a small-molecule driven approach include (1) temporal resolution (rapid exposure and elimination of effects), (2) mechanistic flexibility (targeting a specific activity of a protein such as the catalytic activity of an enzyme as opposed to ablating the entire protein with knockout or knockdown), (3) ease of delivery (cell permeable and potentially orally bioavailable), and (4) immediate transition to drug discovery efforts (potentially cutting years off the time between target validation and therapeutic intervention). 19 The concept of utilizing chemical probes for therapeutic hypothesis testing and target validation has been successfully applied to multiple drug discovery fields including kinase drug discovery.
Therefore, it has been anticipated that chemical probes of HMTs will be extremely valuable tools for advancing HMT drug discovery.
10,21
The term "chemical probe" has been used quite loosely by the biomedical community, and a lack of consensus on the clear definition of a "chemical probe" exists. In this review, we adopt the chemical probe criteria defined by Frye, 22 Workman and Collins, 23 and Bunnage et al. 24 Therefore, high quality chemical probes are defined here as small-molecule inhibitors that have (1) high in vitro potency with an excellent and wellcharacterized selectivity profile, (2) a clear mechanism of action (MOA), and (3) robust on-target activities in cells. It is important to note that adequate cell permeability and target engagement in cells should be clearly demonstrated for chemical probes in addition to sufficient in vitro potency and selectivity and clear MOA. These relatively stringent criteria are necessary to associate the observed functional effects in cellbased and/or animal models with the inhibition of the target enzyme(s) by the chemical probes. Selective inhibitors of HMTs, many of which do not meet the chemical probe criteria, have been reviewed previously.
25−27 Here, we focus on wellcharacterized chemical probes of HMTs and describe their discovery, characterization, and biological applications.
■ CHEMICAL PROBES OF G9A AND GLP
G9a (euchromatic histone-lysine N-methyltransferase 2 (EHMT2) or KMT1C) and GLP (G9a-like protein 1, also known as EHMT1 or KMT1D) are the main lysine methyltransferases that catalyze mono-and dimethylation of H3K9 (histone H3 lysine 9). 28, 29 They can form a heterodimer and share 80% sequence identity in their respective SET domains. 29 Dimethylation of many nonhistone targets 30 including the tumor suppressor p53 at lysine 373 has also been shown. 31 G9a is overexpressed in a number of cancers, 31−35 and knockdown of G9a via RNA interference inhibits prostate cancer, 33 leukemia, 34 and lung cancer cell growth. 35 Loss of G9a results in significant delays in acute myeloid leukemia (AML) progression in mouse models. 36 G9a also mediates H3K9me2 patterning during hematopoietic stem and progenitor cells (HSPCs) lineage specification. 37 In addition, it has been shown that G9a is required for development of pathogenic T cells and intestinal inflammation. 38 Furthermore, G9a has been implicated in maintenance of HIV-1 latency, 39 cocaine addiction, 40, 41 and mental retardation. 42 GLP is implicated in a disorder known as Kleefstra syndrome 43, 44 and is an essential PKMT in the PRDM16 (PR domain containing protein 16) transcriptional complex, which controls brown adipose cell fate and energy homeostasis. 45 The first selective small-molecule inhibitor of G9a and GLP, BIX01294 (1), was reported by Kubicek et al. in 2007 46 and was a major advancement in the PKMT inhibitor field ( Figure  1 ). BIX01294 selectively inhibited G9a (IC 50 = 1.7 μM) and GLP (IC 50 = 38 μM) over several other HMTs tested. It was later determined that BIX01294 displayed similar potency for G9a and GLP, and thus was not selective for G9a over GLP. 47 The X-ray crystal structure of GLP in complex with the inhibitor and SAH (S-5′-adenosyl-L-homocysteine) obtained by Chang et al. (PDB code: 3FPD) revealed that BIX01294 bound to the substrate binding groove of GLP, 47 consistent with BIX01294 being competitive with the peptide substrate in MOA studies. In addition, BIX01294 was active in cells and can selectively reduce the H3K9me2 (dimethylation of H3K9) mark at global levels and at promoters of G9a target genes. 46 However, BIX01294 was toxic at concentrations above 4.1 μM in cellular assays and, consequently, it displayed a poor separation of functional potency and cell toxicity, which limits its use as a chemical probe. Liu et al. explored multiple regions of this quinazoline scaffold and discovered UNC0224 (2) in 2009, which was significantly more potent than BIX01294 in multiple biochemical and biophysical assays (Figure 1 ).
48
UNC0224 possesses a 7-dimethylaminopropoxy chain that interacts with the lysine binding channel, 36 which was not exploited by BIX01294. Further structure-based design and synthesis resulted in the discovery of UNC0321 (3), which has a longer chain instead of the three-carbon chain of UNC0224 (Figure 1) . 49 UNC0321 had a Morrison K i of 63 pM and was 40-and 250-fold more potent than UNC0224 and BIX01294, respectively. It was more than 1000-fold selective for G9a and GLP over SETD7 (SET domain containing (lysine methyltransferase) 7, also known as KMT7, SET7, SET9, and SET7/ 9) and SETD8 (SET domain containing (lysine methyltransferase) 8, also known as SET8 or KMT5A) and also selective against a broad range of G-protein coupled receptors (GPCRs), ion channels, and transporters. However, even though UNC0321 was more potent than BIX01294 in biochemical assays, it was less potent in cellular assays most likely due to its relatively high polarity and poor cell membrane permeability. 50 By optimizing physicochemical properties while maintaining high in vitro potency of this chemical series, Vedadi et al. discovered the G9a and GLP cellular chemical probe UNC0638 (4) in 2011 (Figure 1 ), which has a balanced in vitro potency, aqueous solubility, and cell membrane permeability.
51
UNC0638 was competitive with the peptide substrate and noncompetitive with the cofactor SAM. 51 This MOA was confirmed by the X-ray crystal structure of G9a in complex with UNC0638 (PDB code: 3RJW). This inhibitor was more than 200-fold selective for G9a and GLP over 16 other methyltransferases and epigenetic targets. In addition, it was at least 100-fold selective over more than 80 GPCRs, kinases, ion channels, and transporters. UNC0638 (IC 50 = 81 ± 9 nM) was more potent and efficacious than BIX01294 (IC 50 = 500 ± 43 nM) at reducing global levels of H3K9me2 in MDA-MB-231 cells, a human breast carcinoma cell line, by using an in-cell western assay. 51 In addition, it had low cell toxicity, thus an excellent functional potency/toxicity ratio of 138, while BIX01294 had a functional potency/toxicity ratio <6. UNC0638 also displayed a good separation of functional potency and cell toxicity in seven other cell lines. Using quantitative MS-based proteomics, Vedadi et al. confirmed that UNC0638 reduced cellular levels of H3K9me2, but did not change cellular levels of other 20 common histone modifications except H3K14ac, suggesting that cellular actions of UNC0638 are specific and there is a possible cross talk between H3K9me2 and H3K14ac. 38 Other on-target activity of UNC0638 in cells include the following: (1) it selectively reduced the H3K9me2 mark at promoters of G9a target genes; (2) it reactivated a silent retroviral vector and G9a target genes in mES cells, and (3) also in mES cells, it reduced the H3K9me2 mark at promoters of G9a target genes and the retroviral long terminal repeat (LTR) region and indirectly induced DNA hypomethylation. UNC0638 as a chemical probe has been used in a number of biological and pharmacological studies. For example, it was recently reported that UNC0638 induced leukemia stem cell differentiation and suppressed the growth of primary human acute myeloid leukemia (AML), suggesting that G9a may be a therapeutic target for blocking the proliferation and self-renewal of AML cells. 36 In addition, UNC0638 was reported to induce differentiation of wild-type T cells into regulatory T cells and Th17 cells, suggesting that pharmacological inhibition of G9a could be a strategy for the treatment of colitis. 38 Furthermore, it has been shown that adult HSPCs treated with UNC0638 retained stem cell-like phenotypes and function better than the untreated, suggesting a potential application of pharmacological inhibition of G9a in stem cell renewal. 37 Although UNC0638 is an excellent chemical probe of G9a and GLP for cell-based studies, it is not suitable for animal studies due to its poor in vivo pharmacokinetic (PK) properties. 51 Further optimization of this chemical series resulted in the discovery of UNC0642 (5) as the first in vivo chemical probe of G9a and GLP (Figure 1) . 52 Similar to UNC0638, UNC0642 had high in vitro potencies for both G9a and GLP (IC 50 < 2.5 nM) and was a substrate competitive inhibitor with a K i of 3.7 ± 1 nM. It was also at least 2000-fold selective for G9a and GLP over 14 other methyltransferases and selective against a broad panel of over 90 kinases, GPCRs, transporters, and ion channels. In a number of tumor and normal cell lines, UNC0642 significantly reduced the H3K9me2 mark and displayed low cell toxicity. Phenotypically, it reduced clonogenicity in PANC-1 cells (a human pancreatic epithelioid carcinoma cell line). Importantly, UNC0642 displayed improved exposure in plasma compared to UNC0638 in mouse PK studies, making it suitable for animal studies as an in vivo chemical probe of G9a and GLP.
BIX01294 was the first chemical probe of G9a and GLP albeit its limited use due to its poor separation of functional potency and cell toxicity. Optimization of this quinazoline scaffold led to the discovery of the cellular chemical probe UNC0638 and in vivo chemical probe UNC0642. These probes were extensively characterized in a battery of biochemical, biophysical, and cellular assays. UNC0638 and UNC0642 not only displayed high in vitro potency and excellent selectivity but also exhibited robust on-target activities in cells. These chemical probes are useful tools for interrogating the role of G9a and GLP in health and disease in cell-based and/or animal studies.
■ CHEMICAL PROBES OF EZH2
The recent discovery of several high quality chemical probes for EZH2/EZH1 (enhancer of zeste 2 polycomb repressive complex 2 subunit, also known as KMT6A/enhancer of zeste homologue 1, also known as KMT6B) was another major advancement in the HMT inhibitor field. As we will discuss below, the potential of these methyltransferases as therapeutic targets was brought to the spotlight by very promising results of these chemical probes in cell-based and animal models. The main biological function of polycomb repressive complex 2 (PRC2), a multisubunit protein complex that catalyzes methylation of H3K27 (histone H3 lysine 27), is transcriptional silencing of genes involved in differentiation and development. 53−58 The H3K27me3 (trimethylation of H3K27) mark is a very well-known repressive mark. 56, 59 PRC2 is conserved from Drosophila to humans, 53 and EZH2 or EZH1 is the catalytic subunit of the complex. The C-terminal SET domains of EZH2 and EZH1 are essential for the methyltransferase activity and are highly homologous with 96% sequence identity. 60 Although EZH2 or EZH1 is the catalytic subunit of PRC2, it does not have enzymatic activity by itself and needs both EED (embryonic ectoderm development) and SUZ12 (suppressor of zeste 12) to gain the methyltransferase activity.
61−63 PRC2 complexes containing EZH1 (PRC2− EZH1) or EZH2 (PRC2−EZH2) are involved in the maintenance of H3K27 methylation in cells. 56, 64, 65 Point mutations at tyrosine 641 (Y641F, N, S, H, and C) in the Cterminal SET domain of EZH2 have been identified 66 and were observed in 7% of follicular lymphomas and 22% of germinal center B-cell (GCB) and diffuse large B-cell lymphomas (DLBCLs). 66−68 While the wild-type EZH2 prefers unmethylated H3K27 as its substrate, the gain-of-function Y641 mutations prefer for H3K27me2 as the substrate. 69, 70 Thus, the wild-type EZH2 and Y641 mutants work cooperatively, leading to increased levels of H3K27me3 in tumor tissues. Overexpression of EZH2 and/or hypertrimethylation of H3K27 have been associated with a number of human cancers 71−73 such as breast, 74 prostate, 75 lymphoma, 76 and leukemia. 77 The first selective small-molecule inhibitor of EZH2 was reported by Knutson et al. in 2012 . 78 High throughput screening (HTS) of a 175 000-member chemical library against the recombinant PRC2 complex led to the identification of the pyridone 6 (IC 50 = 620 nM, K i = 310 nM) as a tractable hit (Figure 2) . Optimization of this hit by (1) addition of an amine functionality at the para-position of the phenyl ring, (2) replacing the 5,6-fused pyrrazolapyridine with the indazole, and (3) the addition of a larger lipophilic group at the indazole nitrogen resulted in the first EZH2 chemical probe EPZ005687 (7; Figure 2) , which was more potent and soluble than compound 6. EPZ005687 potently inhibited wild-type EZH2 with an IC 50 of 54 ± 5 nM and displayed similar potencies for EZH2 Y641 mutants (Y641N, F, S, H, and C). Michaelis Menten kinetic studies indicated that it was competitive with SAM with a K i of 24 ± 7 nM and noncompetitive with the substrate. EPZ005687 was about 50-fold more selective for EZH2 over EZH1, displayed more than 500-fold selectivity for EZH2 over 14 other methyltransferases, and showed no significant inhibition at 10 μM against most of the 77 GPCRs and ion channels tested.
Further optimization of EPZ005687 by the same group led to the discovery of EPZ-6438 (8; Figure 2 ), another EZH2 chemical probe with superior potency and in vivo PK properties. 79 This new probe contains the same pyridone core as other EZH2 inhibitors but does not have the indole/ indazole motif (Figure 2) . EPZ-6438 inhibited wild-type EZH2 with a K i of 2.5 ± 0.5 nM and known EZH2 mutants with similar potencies. Similar to EPZ005687, EPZ-6438 was competitive with SAM and noncompetitive with the peptide substrate in MOA studies. It was around 35-fold more selective Figure 3) . 80 Similar to EPZ005687, this discovery began with a tractable hit, GSK-A (9, K i app = 700 nM; Figure  3 ), which was identified by HTS of the corporate compound collection. 81 Interestingly, the two screening hits (GSK-A and compound 6) share very high structural similarity (the only difference is one substituent at the 5,6-fused pyrrazolapyridine). Optimization of GSK-A resulted in the discovery of an early lead GSK343 (10; Figure 3 ) 60 and ultimately led to the discovery of GSK126, which is suitable for in vivo studies (see below). GSK126 potently inhibited both wild-type and mutant EZH2 enzymatic activity (K i app = 0.5−3 nM). 80 It contains the same pyridone functionality as EPZ005687 but has an indole instead of indazole in its core structure (Figure 3 ). Similar to EPZ005687, GSK126 was competitive with the cofactor SAM and noncompetitive with peptide substrates in MOA studies. It was more than 150-fold more selective for EZH2 over EZH1 and more than 1000-fold more selective for EZH2 over 20 other methyltransferases. In addition, GSK126 did not significantly inhibit a broad panel of kinases, GPCRs, ion channels, and transporters as well as several other chromatin modifying enzymes.
In the same year, another EZH2 chemical probe, EI1 (12), was discovered via HTS by Qi et al. 82 The same pyridone/ indole core was featured in this inhibitor (Figure 4) . EI1 was also competitive with the cofactor SAM with a K i of 13 ± 3 nM and inhibited the enzymatic activity of wild-type EZH2 and Y641F mutant (IC 50 =15 ± 2 nM and 13 ± 3 nM, respectively). EI1 was about 90-fold more selective for EZH2 over EZH1 and exceptionally more selective (>10 000 fold) for EZH2 over 10 other methyltransferases.
In 2013, Konze et al. discovered an orally bioavailable chemical probe of EZH2 and EZH1, UNC1999 (13; Figure  4) . 83 This probe was created by combining key structural features of EPZ005687 and GSK126 and extensively exploring the morpholinomethyl group of EPZ005687 to improve physicochemical properties. UNC1999 not only exhibited high in vitro potency for EZH2 (IC 50 < 10 nM) but also possesses more desirable lipophilicity (clogP = 3.1), a likely key contributor to the observed oral bioavailability. The MOA studies of UNC1999 indicated that it was a SAM-competitive EZH2 inhibitor with a K i of 4.6 ± 0.8 nM and was noncompetitive with the peptide substrate. UNC1999 also displayed similar potencies for Y641 mutants. Interestingly, UNC1999 was only about 10-to 15-fold selective for EZH2 over EZH1, in contrast to other EZH2 chemical probes discussed earlier. Therefore, it would be a unique tool in cellular and disease settings where both PRC2−EZH2 and PRC2−EZH1 are significant contributors to H3K27 methylation. UNC1999 was more than 10 000-fold more selective for EZH2 over 15 other methyltransferases and selective over a broad panel of more than 90 kinases, GPCRs, transporters, and ion channels. In addition, Konze et al. generated an inactive control, UNC2400 (14; Figure 4 ), for cell-based studies.
83
UNC2400 is a dimethylated analog of UNC1999 but was more than 1000-fold less potent than UNC1999. The high structural similarity and drastic potency difference between UNC1999 and UNC2400 make them excellent positive and negative control tool compounds.
The EZH2 chemical probes discussed above (EPZ005687, EPZ-6438, GSK126, EI1, and UNC1999) all displayed robust on-target activities in cells. For example, these probes selectively reduced the H3K27me3 mark in a number of EZH2 wild-type and mutant cell lines. [78] [79] [80] 82, 83 Phenotypically, EPZ005687, GSK126, EI1, and UNC1999 selectively killed DLBCL cell lines harboring the gain-of-function Y641 mutants. EPZ-6438 displayed antiproliferative effects in SMARCB1-deficient MRT (malignant rhabdoid tumor) cells (G401) but did suppress proliferation of RD cells, which contain wild-type SMARCB1. 79 Importantly, GSK126 and EPZ-6438 have been shown to be efficacious in vivo. For example, intraperitoneal (IP) administration of GSK126 led to a drastic reduction in tumor volume and a significant improvement in survival in the more aggressive KARPAS-422 (a DLBCL cell line harboring the EZH2 Y641N mutation) tumor xenograft mouse models. 80 After the GSK126 treatment was stopped, complete tumor regression had been observed in high dose treatment groups for several weeks. In addition, oral administration of EPZ-6438 completely eliminated G401 xenografts in severe combined immunodeficiency (SCID) mice. 79 The complete tumor eradication was also sustained for multiple weeks after the cessation of the EPZ-6438 treatment. In both in vivo studies, the inhibitors were well tolerated. In 2013, EPZ-6438 became the first EZH2 inhibitor entering human clinical trials. 84 GSK126 was another EZH2 chemical probe that was advanced to phase 1 clinical trials for the treatment of GCB−DLBCL. 85 The rapid advancement of these chemical probes into clinical evaluation has generated lasting excitement in the biomedical community.
■ CHEMICAL PROBES OF DOT1L
DOT1L (disruptor of telomeric silencing 1-like, also known as KMT4) is the only PKMT identified in humans that has a non-SET catalytic domain instead of a SET domain.
86−88 DOT1L is responsible for mono-, di-, and trimethylation of H3K79 (histone H3 lysine 79).
86, 89 Methylation of H3K79 is generally associated with transcriptional activation. It has been linked with DNA repair, embryonic development, cell cycle regulation, hematopoiesis, and cardiac function.
90−92 DOT1L interacts with MLL (lysine (K)-specific methyltransferase 2A (KMT2A) or MLL1)) fusion proteins (such as AF4, AF9, AF10, AF6, and ENL) and is recruited to leukemogenic genes such as HOXA9 and MEIS1.
90,93−97 DOT1L has been pursued as a potential drug target for the treatment of MLL-rearranged leukemia since the interaction of DOT1L with MLL fusion proteins drives leukemogenesis via abnormal methylation.
21,98
The first chemical probe of DOT1L, EPZ004777 (15), was reported by Daigle et al. in 2011 ( Figure 5) . 99 The design of this inhibitor was based on the chemical structures of the cofactor SAM and cofactor product SAH as well as an apo crystal structure of the enzyme active site (PDB code: 1NW3). A series of SAM analogs was synthesized and tested, resulting in the discovery of EPZ004777, which exhibited very high potency (IC 50 = 400 ± 100 pM) for DOT1L. Remarkably, EPZ004777 was more than 1000-fold more selective for DOT1L over nine other HMTs despite its structural similarity to SAM. The MOA studies as expected indicated that the inhibitor was SAM competitive. 100 EPZ004777 displayed a very long residence time, which was mainly driven by a ligandinduced conformational adaptation of DOT1L. 100 In cell-based assays, EPZ004777 reduced global levels of H3K79me2 (dimethylation of H3K79) in a number of leukemia cell lines and did not significantly reduce any other histone marks. 99 In addition, EPZ004777 inhibited the expression of HOXA9 and MEIS1 in a concentration-dependent manner. Phenotypically, this inhibitor displayed a drastic antiproliferative effect in MLLrearranged leukemia cell lines.
In 2012, a new chemical probe of DOT1L, SGC0946 (16), with improved potency was reported by Yu et al. (Figure 5 ). 101 The deazaadenosine moiety of EPZ004777 was optimized, resulting in the discovery of SGC0946, which possesses a bromo substitution at the 7 position of the deazaadenosine ring ( Figure 5) . Although SGC0946 displayed similar potency (IC 50 = 0.3 ± 0.1 nM) for DOT1L as EPZ004777 (IC 50 = 0.5 ± 0.1 nM) in biochemical assays, it (IC 50 = 8.8 ± 1.6 nM) was about 10-fold more potent at reducing H3K79Me2 levels in MCF10A cells than EPZ004777 (IC 50 = 84 ± 20 nM) in an in-cell western assay. SGC0946 was highly selective for DOT1L over 13 other methyltransferases. The improved potency of SGC0946 in cellular assays was attributed to a lower off rate together with enhanced cell membrane permeability.
The third chemical probe of DOT1L, EPZ-5676 (17), was reported by Daigle et al. in 2013 (Figure 5) . 102 This inhibitor was discovered as a result of structure-guided design and optimization studies of the EPZ004777 series. 102 EPZ-5676 was highly potent for DOT1L with a Morrison K i of 0.08 ± 0.03 nM. It was remarkably (more than 37 000-fold) more selective for DOT1L over 15 other methyltransferases. The X-ray crystal structure of the DOT1L−EPZ-5676 complex (PDB code: 4HRA) clearly indicated that (1) EPZ-5676 occupied the cofactor binding pocket and (2) ligand binding induced conformational changes in the protein. EPZ-5676 reduced global levels of H3K79me2 in several cell lines including MV4-11 (a MLL-AF4 expressing acute leukemia cell line) but did not significantly change other histone methylation marks. It also inhibited HOXA9 and MEIS1 mRNA levels in MV4-11 cells. Additionally, EPZ-5676 displayed nanomolar antiproliferative activity against multiple MLL-rearranged cell lines including MV4-11 but weaker potencies against non-MLL-rearranged cell lines.
The DOT1L chemical probes EPZ004777, SGC0946, and EPZ-5676 not only exhibited high in vitro potency, outstanding selectivity, and clear MOA but also displayed robust on-target activities in cells. Significantly, EPZ004777 and EPZ-5676 have demonstrated in vivo efficacy in animal studies. For example, EPZ004777 (by continuous infusion via an implanted osmotic mini-pump) dose-dependently increased survival in NSG (NOD scid gamma) mice injected with MV4-11 cells. 99 Similarly, continuous infusion of EPZ-5676 completely eliminated the established MV4-11 tumors in immunecompromised rats. 102 The tumor regression was sustained for multiple weeks after the cessation of the treatment, and EPZ-5676 was well tolerated by the test animals. Thus, it was demonstrated for the first time that pharmacological inhibition of DOT1L had antitumor activity in animal models of MLLrearranged leukemia. On the basis of these promising results, in 2013, EPZ-5676 became the very first HMT inhibitor that entered phase 1 clinical trials for the treatment of AML (acute myeloid leukemia) and ALL (acute lymphoblastic leukemia). 103, 104 This watershed event highlights the importance of high quality chemical probes.
■ CHEMICAL PROBES OF SETD7
SETD7 (SET domain containing (lysine methyltransferase) 7, also known as KMT7, SET7, SET9, and SET7/9) is responsible for monomethylation of H3K4 (histone H3 lysine 4) and many nonhistone proteins (e.g., p53, Rb, Tat, Foxo3, DNMT1). 105 It contributes to upregulation of the gene encoding p65 subunit of NF-κB in response to glucose; therefore, SETD8 has been associated with hyperglycemia. 106 Despite its association with diverse substrates and molecular pathways, the functional role of this enzyme in disease, and normal biology is largely unknown.
The first chemical probe of SETD7, (R)-PFI-2 (18), was very recently published by Barsyte-Lovejoy et al. (Figure 6) . 107 HTS of a 150 000-compound collection using a recombinant SETD7 biochemical assay led to the identification of an initial hit (IC 50 Figure 6 . Structures of the SETD7 chemical probe, (R)-PFI-2, and its enantiomer. = 2.1 μM), which was optimized via structure-guided molecular design and synthesis. Further optimization of cell membrane permeability resulted in the discovery of (R)-PFI-2. It was highly potent for SETD7 (IC 50 = 2.0 ± 0.2 nM, K i app = 0.33 ± 0.04 nM). Its enantiomer, (S)-PFI-2 (19) (Figure 6 ), was 500-fold less potent and, therefore, was an excellent negative control for chemical biology experiments. (R)-PFI-2 was more than 1000-fold more selective for SETD7 over 19 other methyltransferases and was inactive against 134 additional ion channel, GPCR, and enzyme targets.
The X-ray crystal structure of the SETD7−(R)-PFI-2 complex (PDB code: 4JLG) revealed that the inhibitor occupied the substrate binding groove. 107 However, in surface plasmon resonance (SPR) experiments, (R)-PFI-2 bound to SETD7 only in the presence of SAM. These studies suggested that inhibition of SETD7 by (R)-PFI-2 was not purely substrate competitive, and SAM had a significant role in the binding of (R)-PFI-2 to SETD7. Thus, (R)-PFI-2 displayed an unusual cofactor-dependent and substrate-competitive MOA. In a cellular thermal shift assay (CETSA), (R)-PFI-2 increased the stability of SETD7 by 4°C. The direct binding of (R)-PFI-2 to SETD7 in cells was also demonstrated by the pull-down studies using a biotinylated derivative of (R)-PFI-2. Therefore, (R)-PFI-2 engages its target, SETD7, in cells. Furthermore, this probe concentration-dependently increased nuclear localization of Yes-Associated Protein (YAP), a transcriptional coactivator, and induced expression of YAP target genes in cells. Pharmacological inhibition of SETD7 by (R)-PFI-2 phenocopied genetic deletion of SETD7. In summary, PFI-2 has high in vitro potency and selectivity, clear but unusual MOA, and ontarget activities in cells. It will therefore be a very useful tool for investigating the functional role of SETD7 in health and disease.
■ CONCLUSION
HMTs, the methyl writers of the histone code, play a critical role in regulating gene expression and the chromatin state and have been implicated in many human diseases including cancer. Over the past decade, there has been rapidly growing interest in pursuing these enzymes as potential therapeutic targets. A systematic coverage of HMTs as a target class with high quality chemical probes would transform this extremely promising field. Well-characterized chemical probes of HMTs would be invaluable tools for investigating biological functions and disease association of the target HMTs and for assessing the potential of these enzymes as drug targets. In this review, we discussed the tremendous progress made in this now very active research area. During the past 3 years, a total of 11 high quality chemical probes (UNC0638 (G9a/GLP), UNC0642 (G9a/ GLP), EPZ005687 (EZH2), EPZ-6438 (EZH2), GSK126 (EZH2), EI1 (EZH2), UNC1999 (EZH2/EZH1), EPZ004777 (DOT1L), SGC0946 (DOT1L), EPZ-5676 (DOT1L), and (R)-PFI-2 (SETD7)) has been discovered. These chemical probes have been utilized in a number of cellbased and/or animal-based disease models. In particular, EPZ-5676, EPZ-6438, and GSK126 have demonstrated in vivo efficacy in multiple tumor xenograft models and have been advanced to clinic evaluation, highlighting the importance of chemical probes. Despite the excellent progress that has been made during the relatively short period, we believe there is still much to be accomplished in this exciting field. More than 50 PKMTs and nine PRMTs have been identified. However, high quality chemical probes have been reported for only a small fraction of PKMTs (G9a/GLP, EZH2/EZH1, DOT1L, and SETD7), and no chemical probes have been reported for PRMTs. Creation of first-in-class chemical probes for many PKMTs and PRMTs is urgently needed. It is worth to note that many selective HMT inhibitors reported to date do not meet the chemical probe criteria we outlined in this review. To confidently associate the observed phenotypic effects in cellbased and/or animal models with the inhibition of the target enzyme(s), the inhibitors used in the studies must have high in vitro potency and selectivity, clear MOA, and robust on-target activities in cells. It is therefore a challenge and opportunity for medicinal chemists in the field to optimize the selective HMT inhibitors that do not currently meet the above criteria into high quality chemical probes. It has been an exciting decade for the HMT field. We believe that the momentum of the field is accelerating. It is therefore highly anticipated that many first-inclass chemical probes of HMTs will be discovered in the years to come.
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